Cancer-associated fibroblasts (CAFs) are key factors in malignant tumor initiation, progression, and metastasis. However, the effect of CAFs autophagy on triple-negative breast cancer (TNBC) cells is not clear. In this study, the growth effect of TNBC cells regulated by CAFs autophagy was evaluated.
Background
Breast cancer is one of the most common malignant tumors in women throughout the world [1] . According to immunohistochemical typing for estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor-2 (HER2), breast cancer can be divided into 4 types: Luminal A, Luminal B, HER2 overexpression, and triple-negative breast cancer (TNBC). TNBC is a special type of breast cancer in which ER, PR, and HER2 expressions are all negative [2] . Due to this characteristic, efficient therapy for breast cancer, such as endocrine therapy and Herceptin targeted therapy, cannot be used for TNBC in clinical practice [3] . The most common treatment for primary TNBC patients is surgical therapy, followed by chemotherapy. With treatment, patients can quickly achieve complete remission; however, tumor metastasis can easily occur in lungs, liver, bones, and brain [4, 5] , and metastasis is the most common cause of treatment failure and mortality [6] .
To solve this clinical problem, numerous studies have been performed [7] [8] [9] . One theory considers that tumor cells do not exist separately, but rather grow in a "tumor microenvironment (TME)" in vivo, and various cells and cytokines cooperate with each other in this microenvironment, activating many aspects of tumorigenesis [10, 11] . One such cells type is fibroblasts, which are the most abundant cellular components in TME; they can transform into cancer-associated fibroblasts (CAFs) once activated by tumor cells [11] [12] [13] . The characteristics of CAFs are expression of a-smooth muscle actin (a-SMA) and fibroblast activation protein-a (FAP-a), while expressions of these proteins is nearly negative in normal fibroblasts (NFs) [14] . Many researchers reported that CAFs play an important role in malignant tumor initiation, progression, chemoresistance, and metastasis by producing a plethora of chemokines, growth factors, and extracellular matrix (ECM) proteins [15] [16] [17] .
CAFs can affect the metastatic behavior of breast cancer cells in different ways, such as promoting breast cancer cells to engage in the epithelial-mesenchymal transition (EMT) process [18] . A previous study by our team found that the EMT process can be induced in TNBC cells through the Wnt/b-catenin pathway by overexpression of Beclin 1 gene (an autophagic regulator gene [19] ), thus enhancing the autophagic level of cells [20] . As autophagy is a conservative lysosomal degradation pathway that mediates the clearance of cytoplasmic components in most kinds of cells, autophagy can also happen in CAFs [21, 22] . However, because CAFs affect breast cancer cell progression in different ways, the precise effect of CAFs autophagy on TNBC cells is still unknown. In the present study, we investigated whether CAFs autophagy can enhance the metastatic potential of TNBC cells through the Wnt/b-catenin pathway, which might be useful for the clinical treatment of TNBC in the future.
Material and Methods

Specimens
Fresh specimens were collected under sterile conditions from 5 patients who had primary invasive TNBC and who accepted radical mastectomy at Zhujiang Hospital of Southern Medical University. Written consent was obtained from the patients and the study was approved by the Ethics Committee of Zhujiang Hospital.
CAFs and NFs culture
Fresh specimens and adjacent normal breast tissue samples (>3-5 cm away from the tumor) were collected from 5 TNBC patients in Zhujiang Hospital. The specimens were sectioned into 1-mm 3 pieces and digested with 1 ml 0.12% collagenase A in a 37°C humidified atmosphere containing 95% air and 5% CO 2 for 8 h, after which the digestion was stopped by supplementation with Dulbecco's modified Eagle's medium (DMEM, Gibco, USA) plus 10% fetal bovine serum (FBS, Gibco, USA). Tissue debris was removed and cells were collected and cultured in a 37°C humidified atmosphere containing 95% air and 5% CO 2 . Once cells reached 80% confluence, they were harvested and reseeded.
CAFs conditioned medium (CAFs-CM) and NFs conditioned medium (NFs-CM) were prepared as follows: CAFs and NBFs in logarithmic growth phase were harvested, cell density was adjusted to 1×10 6 /mL, and a total of 20 mL cells were inoculated in a 75-cm 2 cell culture flask. When cells reached 80-90% confluency, the supernatants were collected and centrifuged at 1200 rpm for 15 min to remove cell debris, then the suspension was stored at -20°C until use.
TNBC cell lines culture
BT-549, MDA-MB-231, and MDA-MB-468 cell lines were obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were routinely maintained in RPMI-1640 medium (Gibco, USA) supplemented with 10% FBS and cultured within a 37°C humidified atmosphere containing 95% air and 5% CO 2 .
Immunofluorescence staining
CAFs and NFs were seeded on the coverslips and cultured routinely. Once cells reached 50-70% confluence, they were fixed in 4% paraformaldehyde (Beyotime, China) for 15 min. After washing with PBS for 3 times, cells were incubated with 0.1 mL Triton-100 (0.5%) for 20 min and blocked with 10% bovine serum albumin (BSA, Jiawei, China) for 20 min. Then, cells were incubated with primary antibodies (anti-a-SMA 1: 300, anti-E-Cadherin, and anti-vimentin 1: 200 100 μl) at 4°C for 8-10 h, washed with PBS, and incubated with fluorescein-conjugated goat anti-rabbit secondary antibodies (GeneCopoeia, USA) for 1-2 h. Nuclei were stained by 4,6-diamidino-2-phenylindole (DAPI, GeneCopoeia, USA). Cells were observed using a fluorescence inverted microscope (IX71 Olympus, Japan), cytoplasmic staining was excitated with a 495-nm wavelength laser, and nucleus staining was excitated with a 358-nm wavelength laser.
CAFs autophagy inhibition evaluation
CAFs were cultured in DMEM plus 10% FBS, as well as 5 mM 3-Methyladenine (3-MA, an autophagy inhibitors) for 24 h, then culture medium was removed and DMEM plus 10% FBS was added again. Beclin 1 and LC3-II/I conversion were evaluated by Western blot at 24, 48, 72, and 96 h.
TNBC cell migration and invasion analysis
For migration and invasion assay, 8-uM pore size Transwell inserts (BD Biosciences, USA) were used. Invasion ability of TNBC cells was evaluated by Matrigel-coated Transwell and migration ability was evaluated by Transwell inserts. We added 2.5×10 4 TNBC cells in 200 µl to the upper chamber. For the CAFs group, 5×10
4 CAFs in 600 µl was added into the lower chamber. For the 3-MA-CAFs group, 5×10
4 CAFs in 600 µl was added by 5 mM concentration of 3-MA for 24 h, then the medium was changed to DMEM plus 10% FBS. For the NFs group, 5×10 4 NFs in 600 µl was added. For the control group, 600 µl DMEM plus 10% FBS was added. Cells were routinely co-cultured for 48 h. Migrating or invading cells were fixed in 4% paraformaldehyde for 30 min, followed by crystal violet indicator (Sigma, USA) staining. Cell numbers were counted under a microscope at ×400 magnification.
TNBC cell growth assay
TNBC cell growth was assessed by 3-(4,5-Dimet-hylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT, Amresco, USA) assay. We cultured 2.5×10 3 TNBC cells in 96-well plates. For the CAFs-CM group, 200 ul CAFs-CM was added. For the 3-MA-CAFs-CM group, CAFs was added by 5-mM concentration of 3-MA for 24 h, then the medium was changed into DMEM plus 10% FBS and a total of 200 ul medium was added. For the NFs-CM group, 200 ul NFs-CM was added. For the control group 200 ul DMEM plus 10% FBS was added. At 24, 48, 72, and 96 h, 20 μl MTT (5 mg/ml in PBS) was added to each well and incubated for 4 h, then 200 μl DMSO (Sigma, USA) was added to dissolve the formazan crystals. Absorption (optical density [OD] value) was measured at 570 nm using a microplate spectrophotometer (Molecular Devices, USA).
Western blot assay
Harvested cells were lysed with newly-prepared protein lysis buffer for 20-25 min on ice, and homogenates were cleared by centrifugation at 12 000 rpm for 25 min at 4℃. Supernatants were collected and protein content was qualified by use of a bicinchoninic acid (BCA) protein assay kit (Beyotime, China) according to the protocol: Copper was chelated with protein and reacted with BCA, and the BCA/copper complex exhibited a strong linear absorbance at 562 nm with increasing protein concentrations. Each sample of proteins (20 μg) was separated and run on a 10% SDS-PAGE gel electrophoresis, followed by transfer to a polyvinylidene difluoride Polyscreen (PVDF) membrane (Millipore, Germany). Then, the membrane was blocked by 5% nonfat milk dissolved in phosphate buffer solution with Tween-20 (PBST) at room temperature for 2 h and was incubated with primary antibodies anti-a-SMA, anti-Beclin 1, anti-E-cadherin, anti-vimentin, anti-N-cadherin, and anti-P-GSK-3b (Santa Cruz, USA) or 1: 1000 anti-b-Tubulin (Cell Signal Technology, USA) overnight at 4° on a rotator. FITC-labeled secondary anti-rabbit antibody (Santa Cruz, USA) was added, and the membrane was incubated and protected from light for 2 h on a rotator. Protein signals were visualized sing the Odyssey Scan system (LI-COR, USA) in 700-800 nm channel, band intensities were quantified by the software of image j1.44, and fold changes in the intensity of protein signals were the mean value of the results.
Statistics
The data are presented as mean ± standard error for at least 3 separate determinations. One-way ANOVA was used to determine the differences between groups for the results of Western blot, cell migration, and cell invasion assay, and repeated-measures ANOVA was used to determine the difference between groups for the results of MTT. Data were processed with SPSS 13.0 software. P<0.05 was considered as significant.
Results
CAFs isolated from breast cancer tissues exhibited characteristics of CAFs
Western blot showed that the mesenchymal marker vimentin could be detected but epithelial marker E-cadherin could not be detected, both in CAFs and NFs. Particularly, myofibroblast marker a-SMA was significantly higher in CAFs than in NFs (P<0.05) ( Figure 1A ).
Immunofluorescence staining also showed a-SMA and vimentin expressions were significantly higher in CAFs cytoplasm than in NFs cytoplasm (P<0.05) (Figure 1B, 1C) . However, E-cadherin expression was negative in CAFs and NFs ( Figure 1B, 1C) .
CAFs autophagic level could be detected by relevant proteins
Beclin 1 and LC3-II/I protein conversion, which represented the level of cell autophagy, was detected in CAFs by Western blot and was higher than the level of NFs (P<0.05). P62, which is a downstream protein regulated by LC 3, was significantly lower in CAFs than in NFs (P<0.05) (Figure 2A) . However, the expression of Beclin 1, LC3-II/I conversion, and P62 was reversed by 3-MA, indicating that the autophagic level of CAFs can be inhibited by 3-MA ( Figure 2B ). To detect the duration of the 3-MA inhibiting effect on CAFs autophagy, CAFs were first added to 3-MA for 24 h, then the medium was changed into DMEM plus 10% FBS, Beclin 1, and LC3-II/I conversion levels at 24, 48, 72, and 96 h were significantly lower than without 3-MA (P<0.05) ( Figure 2C ).
CAFs autophagy enhanced migration and invasion of TNBC cells
Cell migration assay indicated the numbers of cells in BT-549 were 40.8±2.14 in the control group, 40.2±2.32 in the NFs group, 64.0±2.12 in the CAFs group, and 38.6±1.85 in the 3-MA-CAFs group. The number of cells in the CAFs group was significantly higher than in the other 3 groups (P<0.05) ( Figure 3A , 3B, Table 1 
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there were significantly more cells in the CAFs group than in the other 3 groups (P<0.05) ( Figure 3B , Table 1 ).
Cell invasion assay indicated there were 34.2±1.72 cells in the BT-549 control group, 33.4±1.50 in the NFs group, 51.8±1.92 in the CAFs group, and 32.8±1.67 in the 3-MA-CAFs group. There were significantly more cells in the CAFs group than in the other 3 groups (P<0.05) ( Figure 3C , Table 2 ). For MDA-MB-231 and MDA-MB-468, there were significantly more cells in the CAFs group than in the other 3 groups (P<0.05) ( Figure 3C , Table 2 ).
CAFs autophagy enhanced TNBC cells proliferation
MTT assay indicated that the proliferation rates in the 4 groups of cells in BT-549 were significantly different; among them, the CAFs group rate was the highest and the 3-MA-CAFs group was the lowest (P<0.05) ( Figure 4A ). The same phenomenon was observed in MDA-MB-231 (P<0.05) ( Figure 4B ). For MDA-MB-468, the CAFs group rate was significantly higher than in the other 3 groups (P<0.05) ( Figure 4C ), while the 3-MA-CAFs group was not significantly lower than in the NFs or control groups.
CAFs autophagy promoted the EMT process in TNBC cells
Western blot assay indicated vimentin and N-cadherin protein levels were upregulated and E-cadherin protein level was downregulated in BT-549 when the cells were co-cultured with CAFs-CM, compared with the control group (P<0.05). This effect was reversed when CAFs were previously cultured with 3-MA for 24 h ( Figure 5A ). Further study showed b-catenin and P-GSK3b, which are key proteins in the Wnt/b-catenin pathway, were upregulated in the CAFs-CM group compared with the control group (P<0.05). This effect was reversed by 3-MA ( Figure 5A ). For MDA-MB-231 and MDA-MB-468, the same phenomenon was also observed ( Figure 5B, 5C ). The results demonstrate that CAFs autophagy can promote TNBC cells to engage in the EMT process through the Wnt/b-catenin pathway. 
Discussion
Autophagy is an evolutionarily conserved lysosomal process whereby cytoplasmic organelles and macromolecules are enveloped in autophagosomes and degraded by fusion with lysosomes for energy recycling [19, 23] . Recent studies show the contradictory roles of autophagy for tumor cells, which means autophagy not only facilitates cell survival and delays apoptotic death under stress, but also promotes a specific form of cell death called autophagic cell death [24, 25] . The same effects of autophagy on breast cancer cells can also be found in the literature, so whether autophagy promotes or protects breast cancer cells from death depends on various conditions [24] [25] [26] [27] . In a previous study by our team, we demonstrated that elevated autophagic level play a double role in TNBC BT-549 and MDA-MB-231 cell growth in vitro [28] . However, as TNBC cells are not isolated in vivo, but are living in TME, TNBC cells have numerous connections with other cytokines and cells. Among these cells, fibroblasts are thought to be important as they are the most abundant cellular components in TME and they can transform into CAFs when activated by tumor cells [13] . Because autophagy is conservative for most cells and CAFs is a key regulator of paracrine signaling required for cancer progression, autophagic characteristics of CAFs and effects on TNBC cells growth were evaluated in this study.
As a-SMA is a marker of CAFs and its expression is higher than NFs derived from normal breast tissues [14] , CAFs obtained from TNBC tumors were identified by a-SMA expression in our study. CAFs autophagic level was detected, showing that Beclin 1 and LC3-II/I protein conversion levels were upregulated and P62 level was downregulated, indicating that the CAFs autophagic level was higher than that of NFs for TNBC tumors. However, as CAFs were harvested from 5 patients in our study, whether CAFs autophagic level is higher than NFs for all TNBC patients needs to be further evaluated. We also found CAFs autophagy improves migration, invasion, and proliferation of TNBC cells, demonstrating the promoting effect of CAFs autophagy on TNBC cells metastasis. Because autophagy is a "double-edged sword" for cell growth, CAFs autophagy might have a negative effect on TNBC cells growth, which depends on the tumor microenvironment.
The activation of CAFs is a key event in tumor metastasis [29] , but the exact mechanisms of metastasis caused by CAFs in breast cancer vary [30, 31] . For example, one study demonstrated that CAFs enhanced metastatic potential of breast cancer cells through EMT process induced by paracrine TGF-b signaling [16] . Another study indicated that CAFs synthesized ECM, which is a mediator of invasion and migration of cancer cells with EMT phenotype, promoting cancer cells metastasis [12] . Yet another study showed that CAFs can promote aggressive behavior of TNBC cells by inducing EMT in a CXCL12/SDF-1-dependent manner [32] . From these results, we know that the EMT process is an important mechanism for tumor cell metastasis caused by CAFs. Because we already proved that a higher autophagic level improves the EMT process in TNBC cells through the Wnt/b-catenin pathway [19] , we also hoped to find whether there is a relationship between CAFs autophagy and TNBC cells EMT process. The present study shows that CAFs autophagy enhances the EMT process for TNBC cells by leading to upregulation of vimentin and N-cadherin protein levels, and by downregulation of E-cadherin. Further analysis showed that b-catenin and P-GSK-3b protein levels in TNBC cells were also upregulated, indicating the Wnt/b-catenin pathway might be induced by CAFs autophagy. In fact, the activation of the Wnt/b-catenin pathway is just one type of mechanisms for tumor progression, and there are various mechanisms induced by CAFs autophagy in breast cancer. For example, TGF-b1 induced an upregulation of a-SMA in CAFs and protected breast cancer cells from nutrient deprivation [33] ; BRCA1 gene knocked-down CAFs demonstrated an increase in markers of autophagy and increased ketone body production, promoting MDA-MB-231 cells progression [34] . From these results, we know that when tumor cells are in starvation or in other stress conditions, CAFs autophagy can provide nutrition for tumor cells by paracrine signal pathways, by which tumor cells can survive in such conditions [35] [36] [37] . However, most of these results came from in vitro experiments; in vivo research on TME would be more complicated and uncontrollable, so more signal pathways might be found in TNBC cells induced by CAFs [34] .
Conclusions
We obtained CAFs from TNBC tumors and found that CAFs autophagic levels were higher than in NFs. We found that CAFs autophagy enhanced the migration, invasion, proliferation, and EMT process of TNBC cell lines, and activation of the Wnt/bcatenin pathway may be a mechanism induced by CAFs autophagy for EMT process of TNBC cells.
